In this paper the behavior of an O-ring made of NBR rubber was investigated under extreme conditions. The effect of the extreme initial compression, operating pressure and extreme temperature conditions were examined. The rubber material was tested in simple tension, pure shear and equibiaxial tension modes complemented with a Dynamic Mechanical Thermal Analysis (DMTA) to capture the viscoelastic behavior of the material. For the investigation, a large-strain viscoelastic material model was developed by the authors, to take into account the large deformations caused by extreme conditions. Insufficient space during installation causes extreme initial compression consequently leading the material to crack on the contacting outer surfaces. It was found that the excessive strain and friction induced shear stress contributes primarily to this phenomenon. Extreme operating pressure causes the seal to penetrate into the gap between the shaft and the housing. This behavior damages the material and cracks appear on the seal. High strain areas were found in the proximity of the gap in the material. The analysis of the extreme operating temperature showed that during cooling the O-ring can completely loose its ability to seal at −70˚C. There are three contributing factors: the speed of cooling, the temperature and the coefficient of thermal expansion.
Introduction
O-rings are one of the most widely used seals today. Their simple design, easy manufacturability and versatile functions made this type of seal to be used in broad range of industries like automotive-, shipping-, agricultural-, machinery-,
Characterization of the NBR Rubber Material

Experiments
For the rubber material characterization, different extension tests and dynamic tests were performed. Namely simple tension, pure shear and equal biaxial tests test. The rubber material of the O-ring is NBR70 K55, which means, that the material has a hardness of 70 on a Shore A hardness scale, and its' glass transition temperature is around −55˚C. The simple tension test was performed according to ISO 37 international standard [3] . For the pure shear test custom made test specimen and grips were used. The equal biaxial tests were carried out by the Institute of Polymer Product Engineering at Johannes Kepler University in Linz, with a custom made biaxial device [4] . The engineering stress and strain data obtained by the equal biaxial extension test were then converted into engineering stress and strain data in uniaxial compression mode. The reason for doing so was, that the results of the uniaxial compression tests depend greatly on the coefficient of friction between the compression test specimen and the surface of the specimen grips [5] . Applying lubricant on the aforementioned surfaces can reduce the uncertainty of the measurement, but especially at high compressive strains the effect of friction is inevitable. It was the authors' intention to reduce the amount of uncertainty caused by measurement error, thus the usage of equal biaxial test data. The conversions between equal biaxial and uniaxial compression in terms of stress and strain are the following [6] :
The speed of extension in all strain states was 100 mm/s. Zwick Z020 universal tensile tester was used for uniaxial tension and pure shear tests with Test
Xpert II measurement software. Figure 2 illustrates the shape and dimensions of the tests specimens. Figure 3 and Figure 4 show the engineering and true stress-strain curves obtained by extension tests.
DMTA test was performed in order to capture the rubber's viscoelastic behavior. The test was carried out in tension mode on a GABO EPLEXOR 500 N measuring device. During the test, rectangular specimen is stretched by a static load and then a sinusoidal dynamic load is superimposed on it. The static and dynamic load as an excitation is not in phase with the reaction force developed in the rubber [7] . This phase shift characterizes the viscoelastic response of the rubber. During this analysis the machine measures the storage modulus (E'), the loss modulus (E''), the complex modulus (E*) and the loss factor (tanδ) of the material. The rectangular cross section of the specimen was 5. At each temperature the soak time was set to 600 s. Figure 5 shows the E' storage modulus and tanδ loss factor as results of the measurement.
Material Model
For the finite element analysis a large-strain viscoelastic material model was developed. The graphical representation of this model is shown in Figure 6 . It consists of a spring and a series of spring and dashpot elements connected in parallel with each other. The complete process of the parameter identification is presented in the authors' previous article [8] . As a result Figure 7 shows the material model's response in terms of the storage modulus, loss modulus and loss factor. 
Verification of the Material Model
To verify the developed material model FE simulations were performed for the three extension tests. The modelled specimen's dimensions are in accordance with the ones seen in Figure 2 . For the finite element simulation 1/8-th of the test specimens were modeled to reduce computational time. The tensile speed in all three cases was 100 mm/s. Figure 8 shows the applied constrains and displacement loads (marked with black arrow) on the modelled 1/8-th test specimens. One can see the specimens were constrained with frictionless supports on its' planes of symmetry. On the sides where the displacement loads were applied, the side could only move in the direction of displacement, marked with arrows in Figure 8 . On the free edges no constrain was applied. 
Finite Element Models
FE model for Extreme Initial Compression Case
For the analysis of the effect of the extreme initial compression, an axisymmetric FE model was built. The model consists of three bodies, namely the O-ring, the housing and the pipe-like shaft. The reason of the axisymmetric model and the use of a hollow shaft, was to reduce the total number of elements, thus reduce computational time. The dimensions of the original geometry was presented in the authors' previous article [8] .
Compared to that, the pipe-like shaft was modified to have a 2 mm × 15˚ chamfer on the inner edge, to enhance convergence when simulating the assembling process. Furthermore, the depth of the groove, where the O-ring is located, was parameterized, so that higher initial compression of the O-ring could be achieved. 15%, 20%, 30% and 40% of initial compression were analysed. Figure  10 shows the FE geometry for 15% and 40% of initial compression case. Figure 11 shows the mesh of the model. Quadratic and triangular axisymmetric elements were used. The average element size 0.05 mm for the O-ring, 0.35 mm for the shaft, and 0.5 mm for the housing. Local mesh refinements were used on the inner edge of the shaft and the groove of the housing, where the elements size is 0.1 mm. The effect of coefficient of friction between the bodies was also investigated for this simulation. First, the simulations were set up 
FE model for Extreme Pressure and Extreme Temperature Cases
The FE model for extreme pressure case is identical to the one presented in [8] .
Only the operation load was increased from 50 bars to 100 bars for extreme pressure case. The FE model for the extreme temperature case is similar to the above mentioned model, but the hollow shaft was replaced and a solid shaft was modelled. The effect of extreme temperature was investigated at different cooling speeds. First the available time for the seal to cool down was set to 1 hour, then 10 minutes, 1 minute and 10 seconds cooling times were investigated.
Finite Element Results of the O-Ring during Extreme Conditions
All the results in this article are presented in a deformation scale 1:1.
Effect of Initial Compression
During the investigation of the initial pressure, different initial compression of after operating pressure is applied and (c) after 1 hour of operating pressure is applied. Figure 29 depicts the assembly process of the O-ring, when the coefficient of friction is 0.2 and the initial compression is 40%. These given conditions may lead to fault during assembly, due to the too much initial compression, more material is pushed away by the shaft. The above mentioned effect and the high coefficient of friction can cause the material to be sheared off, which leads to immediate leakage [1] .
Effect of Extreme Operating Pressure
The effect of extreme pressure was investigated for minimal sealing pressure case, with normal, 15% initial compression. The operating pressure was 100 bars instead of the 50 bars of operating pressure, which is considered to be the upper limit of O-rings without supporting ring. One can see the deformed shape and the total deformation of the seal in Figure 30 and Figure 31 . Excessive penetration of the material can be found between the housing and the shaft. In the after operating pressure is applied and (c) after 1 hour of operating pressure is applied.
into the gap, thus the lower total deformation values, although higher strain values occur due to the shear of the material. Excessive strain and shear can cause the material to crack on its' circumference under high pressure.
Effect of Extreme Operating Temperature
For the simulation of the extreme operating temperature's effect, the coefficient of thermal expansion for both the rubber material and the metal parts were con- 
